Within the practical context of mechanisms comprehension involved in greenhouse climate, this paper considers the problem of natural ventilation with particular attention paid to the determination of the ventilation rate. In view to gain some physical insight on to this process under temperate climate, both experimental and numerical approaches have been developed.
Measurement and Numerical Simulation of Microclimate in a NaturallyVentilated Large Multi-Span Glasshouse

INTRODUCTION
Ventilation plays an important role in greenhouse crop development and production as it influences temperature, humidity and CO 2 concentration. Natural ventilation is the most widely adopted system as it requires less energy and equipment than mechanical ventilation using fans. However, prediction of the ventilation remains uncertain due to the lack of models and difficulties to perform accurate measurements.
Since the pioneering works of the 50s, numerous studies have been published on ventilation rate estimation (Kittas et al., 1995; Roy et al., 2002) . Classical methods include tracer gas techniques, energy balances and measurements of flows and pressure differences between inside and outside (Demrati et al., 2001) . The tracer gas technique is probably the most frequently used because it has a good accuracy, particularly at low ventilation rates.
Several models have been developed so far to describe the combined effect of wind and thermal buoyancy on greenhouse ventilation. These models consider the openings location, the geometry, the effective ventilation area, the wind speed at a reference height and the temperature difference between inside and outside (Boulard and Baille, 1995) . However, they involve a set of parameters which depend on the geometry of the buildings and openings (Papadakis et al., 1996) and must be in situ identified for a given greenhouse.
Recently, there has been some progress in flow modelling using computational fluid dynamics (CFD) which allows the determination of velocity, temperature and humidity fields inside the greenhouse. This is done by solving the corresponding set of governing mass, momentum and energy equations (Mistriotis et al., 1997 a,b; Boulard et al., 1999; Lee and Short, 2000, 2001) . However few studies deal with tracer gas simulations (Mistriotis et al., 1997a; Fatnassi et al., 2002 Fatnassi et al., , 2003 Bartzanas et al., 2003) .
The present study aimed to: (1) compare the measured ventilation rate in a greenhouse, using the tracer gas technique, with values obtained by numerical simulations; (2) get an insight on the ventilation process through CFD model. Several parameters were recorded inside and outside the greenhouse in order to provide the boundary conditions required by the model.
EXPERIMENTAL SET UP
Site and Greenhouse Description
Field surveys were carried out near Angers (47.5°N latitude) in the West of France, characterised by a temperate oceanic climate. Measurements were performed in a 2500 m 2 four-span glasshouse equipped with continuous roof vents with a plastic central partition which separates the greenhouse into two distinct two-span compartments. Only one of these two compartments was studied during four weeks in August-September 2003. It contained ornamental plants (roughly 20 cm height) growing on two rows of shelves at 0.75 m height, the distance between rows being 1.2m.
Instrumentation and Method
The experimental instrumentation, hereafter described, is sketched in Fig. 1 . A mast equipped with sensors was installed 40 m west from the greenhouse. The external wind speed and direction were measured by two cup anemometers (HA 430A GENEQ INC, accuracy at ± 0.11 m s -1 , CANADA) located at 2 and 6 m above the ground and a wind vane (W 200 P, accuracy at ± 2°, Campbell Scientific Ltd, UK) situated at 6 m height respectively. Air temperature was recorded by using platinum probe (Pt100, CORREGE, France) disposed in statically ventilated shelter, at 2 m height. Air profile temperature was recorded by using five thermocouples at 0, 0.25, 0.5, 1 and 4 m heights above the ground.
Inside the greenhouse, six stuck flat platinum probes (Pt 100, TC ONLINE, France) measured the four lateral walls, roof and shelves temperatures. Air temperature and hygrometry were also recorded at 2 m high in the center of the greenhouse by using an aspirated psychrometer. An additional platinum probe was also used for determining ground temperature.
The tracer gas method, using N 2 O, was implemented to determine air exchange rates. After gas release into the fully-closed greenhouse, homogenisation and stabilisation, ventilators were opened. The decay of the N 2 O concentration was monitored with an infrared gas analyser (ADC, 50 ppm full scale, accuracy at ±1ppm) sampling air at eight positions equally distributed over the domain at 2 m height. The ventilation rate is calculated according to Eq (1):
Where N is the ventilation rate in h -1 ; ) ( 0 t C is the tracer gas concentration in ppm at time 0 t in h (after homogeneisation of the gas concentration) and ) ( 1 t C is the tracer gas concentration at time 1 t (i.e. within the detection limit of the apparatus, 3 ppm). All measurements were carried out under stable radiative conditions i.e. around solar midday. The climatic parameters were sampled every 10s using data loggers (Deltalogger, Campbell CR5000) and averaged over one minute period except for the gas analyser for which concentration was recorded every 5s. For the purpose of the study, three roof-opening configurations were examined (Fig. 2) : -configuration 1 : two roof ventilation openings (100%-100%); -configuration 2 : one leeward roof ventilation (0%-100%); -configuration 3 : two roof ventilation openings (57%-57%).
COMPUTER MODEL Equations and Numerical Procedure
The CFD simulation were carried out with the commercial CFD package FLUENT 6.1. The method is based on the resolution of the 2D convection-diffusion equations which, for uncompressible fluids and under steady state conditions, may be written in the general form:
where φ represents the concentration of the non-dimensional transported quantity, namely momentum, mass and energy; U and V are the components of the velocity vector; Γ is the diffusion coefficient and φ S is the source term. The equations are Reynolds averaged which solves new variables through additive equations. The standard ε − k model is chosen because of its good ability to predict wind-driven greenhouse ventilation (Mistriotis et al., 1997b) . The Boussinesq model is used to simulate the buoyancy effect.
The above mentioned equations are discretized on a tetraedric-cell grid. The grid is refined close to the greenhouse structure where strong gradients may occur.
Boundary Conditions
A logarithmic velocity distribution is set for the inlet velocity (Haxaire, 1999) while turbulent kinetic energy and dissipation profiles are calculated as functions of the friction velocity (Richards and Hoxey, 1993) . A logarithmic expression is also adopted for the temperature profile. All these inlet quantities were determined from experimental data.
A classical wall function was imposed at the solid boundaries (ground and walls). Wall temperatures were set equal to the experimental values.
Virtual Tracer Gas Technique
The ventilation rate of the greenhouse is calculated by solving the transport equation of a virtual tracer gas:
where C is the gas concentration in a cell in ppm; t is the time and F is the tracer gas flux through the cell surface. Concerning the numerical procedure, a converged steady state solution is first obtained for the velocity and temperature fields. Unsteady calculations are then conducted for the tracer gas: at time 0 = t , all the cells in the greenhouse have a concentration set to unity whereas external cells have a zero concentration. Then, the transport equation of the virtual tracer gas (Eq. 3) is solved independently, using the previously calculated velocity field. The concentration of the tracer gas inside the greenhouse displays an exponential decay which may thus be fitted by an exponential function:
The identified coefficient N is the value of the numerical ventilation rate.
RESULTS AND DISCUSSION
Data Analysis
The experimental ventilation rate data have been fitted (Fig. 3) to a model based on Bernoulli's equation (Boulard and Baille, 1995) :
where s is the ratio of the opening surface to the ground surface of the greenhouse; T and ∆T are the outside temperature and inside/outside temperature difference in K; h is the mean height of the greenhouse and H is the equivalent chimney height (opening vertical height); U is the wind velocity and N 0 is the flux loss due to leakage; A l and C w are parameters to be determined by multilinear regression. The model gives relatively good results (R 2 =0.83) and allows to estimate leakage to about 8 h -1 (Table 1) . Similar values for A l and C w were found by Pérez Parra et al., (2004) in parral greenhouses.
The weight of the chimney effect relatively to the wind effect is given by the ratio:
This quantity is shown in Fig. 4 and clearly indicates that for a wind velocity >2m/s, the chimney effect is less than 20% of the wind effect and may thus be neglected as reported in previous studies.
Virtual Tracer Gas
A summary of the thermal boundary conditions for the three configurations tested is reported in Table 2 . The time step chosen for the simulation is 1s. Figure 5 shows the mass fraction of the tracer gas one minute after the release for the 100%-100% configuration. Contours show a strong decay of the gas concentration in the leeward part of the greenhouse where the air is first renewed.
The average concentration of the gas over the greenhouse volume may then be assessed as function of time (Fig. 6) . The exponential fit (Eq. 4) is quite appropriated with 1 2 ≅ R . Simulated ventilation rates differ from experimental ones of about 30%. We may assume that this difference stems from the 2D numerical approach which is perhaps too approximative for the study.
Comparison between configurations 1 and 3 (Table 3) shows that under similar wind conditions, the renewal rate remains better when ventilators are 100% open than 57% although the ventilation performance appears not to be proportional to the opening percentage.
CONCLUSIONS
The ventilation rate in a greenhouse with continuous vent openings was investigated using the tracer gas technique and a commercial fluid dynamics code. Only two dimensional simulations were carried out and the standard ε − k model assuming isotropic turbulence was adopted. For an outside wind speed less than 1.4m/s and a temperature difference between inside and outside air within the range [3-6]°C, the ventilation rate was found to vary from 16 to 25.4 greenhouse volumes per h. The numerical model underestimates the ventilation performance. It is however a good indicator of the microclimate in glasshouses and could be used as a design tool to optimize ventilation, particularly in the crop zone. Further development should consider 3D simulations and more realistic conditions about plant air sensible and latent heat exchanges. Tables   Table 1. Boulard's model parameters (Eq. 5) for wind velocity within the range 0 < U < 5.42 m/s. 
